INTRODUCTION
Convicilin has been termed a 'third storage protein' in pea seeds, in addition to legumin and vicilin [1] . It can be purified from both legumin and vicilin, and it consists solely of polypeptides of Mr approx. 71 000. It does not thus contain polypeptides found in either of the two major storage proteins [2] . On the other hand, convicilin is antigenically similar to vicilin [1] , and it is possible to produce molecules containing both vicilin and convicilin polypeptides; for this reason, some authors have considered that convicilin and vicilin are the same -protein [3] . Sequence data for a partial cDNA clone, pCD 59, identified as encoding convicilin by hybrid-release translation, supported this view, since the deduced amino acid sequence was strongly homologous with that of vicilin [4, 5] . However, pCD 59 did not hybridize to vicilin cDNA species [5] or vicilin genes [6] .
Variation in the mobility of convicilin polypeptides, on SDS/polyacrylamide-gel electrophoresis, between pea lines has allowed a convicilin locus, designated 'cvc', to be mapped to chromosome 2 in pea [7] ; it is distinct from any vicilin locus so far identified [8, 9] . Convicilin has been shown to be encoded by a small gene family; hybridization of the cDNA clones pCD 59 and pCD 75 (a longer version of pCD 59; [5] ) to genomic DNA restricted with endonucleases detected one or two hybridizing fragments, depending on which probe was used [5, 6, 9] .
The isolation of a genomic clone containing a convicilin gene, putatively corresponding to the cvc locus, has been described [9] . The present paper reports the sequence of this gene and its flanking regions, and shows that convicilin genes in pea (Pisum sativum L.) form a subfamily of the total family of vicilin-type genes.
MATERIALS AND METHODS Materials
Pea seeds of the cultivar (cv.) Feltham First were obtained from Suttons Seeds, Torquay, Devon, U.K.; seeds of cv. Dark Skinned Perfection were from S. Dobie and Son, Torquay, Devon, U.K. The isolation of the genomic clone lambda JC4, and its sub-clone pJC 4-100, from a genomic library prepared from DNA isolated from Pisum sativum cv. Dark Skinned Perfection has been described previously [9] . Reagents and enzymes for M13 DNA sequencing were from Gibco/BRL (Gibco, Paisley, Renfrewshire, Scotland, U.K.); restriction enzymes were supplied by Northumbrian Biologicals, Cramlington, Northd., U.K. SI nuclease and other enzymes were from BCL, Lewes, East Sussex, U.K. Radiochemicals were supplied by Amersham International, Amersham, Bucks., U.K. Other reagents used were of analytical quality wherever possible. Nitrocellulose filters were type BA85 (Schleicher und Schuell) from Anderman and Co., East Molesey, Surrey, U.K.
Methods
DNA sequencing. Restriction mapping on pJC 4-100 was carried out by conventional methods [10] . Preparation of subclones from pJC 4-100 in pUC18 or pUC19, preparation of sequencing subclones in M13 mpl8 or mp19, preparation of single-stranded DNA, and dideoxynucleotide DNA sequencing using [oc-35S]thio-dATP were also carried out by standard techniques [11] [12] [13] [14] . The sequence given was determined by overlapping sequences from subclones; both strands of the DNA were fully sequenced. Sequences were analysed by diagonal dot-matrix comparisons [15] [16] .
Blotting techniques. Restriction fragments from pJC 4-100 or its subclones were isolated from low-gellingtemperature agarose gels [17] and labelled with [a-32P]dCTP (400 Ci/mmol; 100 1tCi used/0.2-0.5,ug of DNA) by nick translation [18] . 'Southern' blots of agarose-gel separations of restriction fragments, or digests of pea leaf genomic DNA (purified as in [19] ) with restriction enzymes, were prepared and hybridized to denatured labelled probes in 5 x SSC (1 x SSC is 0.15 MNaCl/0.015 M-sodium citrate buffer, pH 7.2)/2 x Denhardt's solution (1 x Denhardt's solution is 0.02% Ficoll/0.02 % bovine serum albumin/0.02 % polyvinylpyrrolidone)/denatured herring sperm DNA (100 lg/ ml), at 65°C as described in [20] ; subsequent washes were to a hybridization stringency of 0.1 x SSC at 65 'C. 'Northern' blots of agarose-gel separations of glyoxalated total RNA samples (prepared from pea (cv. Feltham First) cotyledons at different developmental stages as previously described [21] were prepared and hybridized to denatured labelled probes in 5 x SSC, 2 x Denhardt's solution/denatured herring sperm DNA (200 ,ug/ml)/50 % (v/v) formamide, at 42 OC [22] ; subsequent washes were to a hybridization stringency of 0.1 x SSC/0.1 % SDS at 50 'C. Densitometry of autoradiographs, obtained by exposing the washed blots to preflashed X-ray film at -80 'C, was carried out on an LKB (Bromma, Sweden) Ultroscan XL densitometer.
Si mapping. S1 mapping was carried out as described by Favaloro et al. [23] . Each assay mixture contained 5,ug of polyadenylated RNA, prepared from pea (cv. Feltham First) cotyledons at a mid-development stage (14-15 days after flowering) as previously described [24] , and at least 0.2 jug (approx. 2 x 106 c.p.m.) of DNA probe, 5' end-labelled [25] with [y-32P]-ATP (6000 Ci/ mmol; 50 ,uCi used/0.2-0.5,ig of DNA). The protected fragment after S1 digestion was run on a DNA sequencing gel, and its 3' end was mapped by running a DNA sequencing reaction that covered the same region of sequence on the same strand, and had been primed by an oligonucleotide primer whose 5' end corresponded to the site of labelling, in adjacent tracks. Controls omitting RNA were carried out.
Protein sequencing. Convicilin was purified as previously described [1] . Portions [26] . N 
RESULTS

Genomic clone
A partial restriction map for the genomic subclone pJC 4-100 has been published previously [9] . A revised and detailed map, showing the position of the gene and the region sequenced, is given in Fig. l(a) . The clone contains approx. 8 kb of sequence 5' flanking the convicilin coding sequence, and approx. 3 kb of 3' flanking sequence; these regions do not contain sequences hybridizing to probes from the cvc coding sequence [9; results not shown]. Regions of this clone outside the sequenced region are not discussed further in the present paper. The convicilin gene
The sequencing map for the convicilin gene is given in Fig. l(b) , and the complete sequence of the gene and its immediate 3' and 5' flanking regions is given in Fig. 2 . We have designated this gene 'cvcA'. The predicted sequence of the encoded protein was deduced by homology with vicilin and by the presence of an open reading frame at the 5' end, and is also shown in Fig. 2 . The coding nucleotide sequence is interrupted by five introns, whose positions could be inferred from the predicted and determined protein sequence (the present paper) and from the nucleotide sequences ofthe convicilin cDNA species pCD 59 [5] , the homologous Phaseolus vulgaris (French bean) vicilin (phaseolin) gene [27] The 3' flanking sequence given extends for 428 bases after the stop codon; a further 450 bases of sequence have been determined, but do not show any significant features and will not be discussed further. Two polyadenylation sites are present in the 3' flanking sequence, 119 and 134 bases after the stop codon; the first of these is of the multiple overlapping type (AATAAATAAA) often found in plant genes [30] . The 5' flanking sequence contains a good match to the consensus sequence for a plant gene 'TATA' box [31] 66 bases before the start codon (CTATAAATA). Other sequence features in this region are discussed below. Partial sequence of convicilin
The identity of the gene cvcA was confirmed by comparing its predicted protein sequence with partial protein sequence data from convicilin. In all, 16 residues at the N-terminus of convicilin and an additional 75 residues from 14 tryptic peptides were determined. Results are shown in Fig. 2 . The determined sequences agree fully with the sequence predicted by cvcA and show that the first 28 residues of the predicted sequence are not present in the mature polypeptide. These removed residues constitute a typical 'leader' sequence [32] . At ;. C.
--=M 0. Fig. 3(b) . The probe hybridized to two bands of similar mobility on the Northern blot, corresponding to mRNA species of approx. 2650 and 2500 bases; the larger of the two species consistently gave a more intense hybridization signal, the ratio of the integrated peak areas of the two bands being approx. 3: 1 ( ± 0.7) in all tracks. No evidence of hybridization to vicilin mRNA species, which have been previously
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CvcA A2CTCACATTTCCT66ATCTTCTCAA6AGGTAAATAGATTAATCAAGAATCAAAACAATCTCACTTTGCAAGTGCTGAACCTGAACAAAA66AGGAAGAAAGCCAAAAAA TC 2254
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CvcA CTCTGTCTTCAGTTCT66ACAGTTTTTACTAAGTAATCAATATGAAAAATAATGCAGAT6TATGAGCTAAGATCTAGCTA6CTCTTCGAGCTAAGTAAATAATGGATCTTGTAACT 2374 Fig. 4 . The two cultivars gave identical band patterns in all restriction digests made. Digests with EcoRI gave two bands, one of approx. 13 kb, corresponding to the EcoRI fragment in pJc 4-100, and one of approx. 9.0 kb, corresponding to the EcoRI fragment previously identified as hybridizing to the convicilin cDNA species pCD 59 and pCD 75 [5] . Both [24, 32] . A 10 psg portion of total RNA was loaded per track in the original gel electrophoresis. The molecular-size scale is taken from standard RNA species (ribosomal RNAs) run on the original gel.
map of cvcA (see Fig. 1 ), at intensities consistent with the conclusion that two convicilin genes were present per haploid genome, in agreement with previous reports [6] .
DISCUSSION
Coding sequence
The amino acid sequences predicted by cvcA, and found for convicilin, confirm the presence of a 'leader' sequence on the precursor polypeptide, as had been previously suggested by translation experiments in vitro [35] . The sequence for the mature polypeptide predicted by cvcA is then in good agreement with the amino acid composition of convicilin, as shown in [1] .
Despite the evidence that cvcA is a convicilin gene and that it is expressed, it differs in its sequence from the convicilin cDNA identified by Domoney & Casey [4] , which was used to select the genomic clone containing cvcA. The overall homology between the two sequences is 94 % over 590 corresponding bases. The main difference between the two sequences is a deletion of 18 nucleotides (six amino acids) in pCD59 relative to cvcA, corresponding to a region near the hypothetical a:, subunit processing site in vicilin [26] . There are also a number of conservative amino acid substitutions in the remainder of the sequence (not shown). These sequence differences are sufficient to account for the previous observation [5] that pCD 59 hybridized to only one of the two convicilin genes detected by the cvcA probe in the present study. The data suggest that pCD 59 represents the second convicilin gene detected by hybridization to genomic DNA, cvcB, which is thus shown to be functional. When pCD 59 was hybridized to RNA from developing pea cotyledons [5] A 10 ,g portion of DNA was loaded per track on the original gel electrophoresis. Restriction enzymes used were as follows: A and B, EcoRI; D and E, BglII; F and G, BamHI; H and I EcoRV. The blot is calibrated with gene equivalent amounts [33] of digested pJC4-100; the indicated copy numbers per haploid genome are given above tracks C, J, K and L. Tracks A-C are from a different gel to the remainder. The molecular-size scale is from restriction digests of standard DNA species run on the original gels.
on a 'Northern' blot, as opposed to the two detected by the cvcA probe, suggesting that cvcA and cvcB each gives rise to a distinct mRNA species. Further data will be necessary to confirm this conclusion.
Homology with vicilin. A dot-matrix comparison of the polypeptide sequences predicted for convicilin, and for a vicilin 50000-Mr polypeptide is given in Fig. 5 . The sequences are strongly homologous over most of their length, with short areas of low homology apparent at regions corresponding to the sequences around the putative oc:, and 8: y subunit processing sites in vicilin.
These areas have previously been noted as being of low homology when pea vicilin polypeptides are compared with those from different species [28] . The major difference between the two sequences is apparent as a large insertion in the convicilin sequence near its Nterminus, corresponding to sequence being inserted between amino acids 3 and 6 of the mature vicilin polypeptide. Homology over the region -3 to +3 is weak at the amino acid level, but significant at the nucleotide level; outside this region, and the insertion, homology is strong in both directions (see Fig. 5 ). The convicilin leader sequence is homologous with that in vicilin, but not to leader sequences in other seed proteins (results not shown), showing that the extra sequence in convicilin represents an insertion into a vicilin gene rather that a 5' addition to it. The strong homology of convicilin with vicilin outside the inserted sequence accounts for the overall similarity in properties between the two proteins and their antigenic similarity [1] ; it would also account for their ability to form molecules containing polypeptides of both vicilin and convicilin.
The homology in amino acid and corresponding nucleotide sequences between cvcA and vicilin genes in pea (results not shown; homology at the nucleotide level between the vicilin cDNA pAD2. 1 [29] previous views that convicilin was distinct from [1] , or was essentially the same as [3] , vicilin.
Nature of the inserted sequence in convicilin. The inserted sequence in convicilin will be considered as amino acids (+)4-124 or nucleotides 121-483. At the amino acid level, the sequence contains a high proportion of charged and hydrophilic residues (from 121 amino acids, there are 38 glutamate residues, 24 arginine residues and 9 lysine residues; only 10 residues are strongly hydrophobic). It is similar in its composition to the C-terminal regions of the a-subunits encoded by both 'major' and 'minor' pea legumin genes ( [36, 37] ; J. A. Gatehouse & D. Bown, unpublished work), but the actual amino acid sequences are not significantly homologous when compared by a dot-matrix homology plot (results not shown). This additional sequence is presumably responsible for the differences in physical properties between vicilin and convicilin, e.g. solubility and binding to hydroxyapatite [1] . The predicted Mr values for the mature convicilin polypeptide, and its Nterminal CNBr fragment, are not in complete agreement with those observed on SDS/polyacrylamide-gel electrophoresis. This discrepancy is a consequence of abnormal migration on electrophoresis, possibly due to the atypical amino acid composition ofthese polypeptides caused by the 'inserted' sequence. Sequences were compared over a span of eight amino acids, with a minimum score of 102 using the correlation matrix given by Staden [15] . At the nucleotide level, the inserted sequence is A + G rich, again like the C-terminal regions of legumin a-subunits; however, overall homology of nucleotide sequence in these regions is not more than marginally significant by dot-matrix comparison. No introns are present in the inserted sequence. There is no evidence of inverted repeats at the ends of the inserted sequence, nor strong evidence for direct repeats in or near the sequence itself (results not shown). The origin of this sequence is therefore unclear; it may represent a sequence inserted by a transposable element or by some other mechanism. Relationship to vcilin-family genes in other species
The relationships of the coding sequences of vicilins in pea, Phaseolus vulgaris (phaseolin) and soya bean (conglycinin) have been extensively analysed, and part of the coding sequence of convicilin has been shown to be homologous with those of phaseolin and conglycinin [38] . Both convicilin and conglycinin have large inserted cosding sequences (121 and 174 amino acids respectively) near the N-terminus of the mature protein, relative to the vicilin/phaseolin type. The inserted sequences in convicilin and conglycinin also show similarity at the nucleotide level in that both sequences are A + G-rich. However, the inserted sequences in the two genes are not significantly homologous at either the amino acid or the nucleotide sequence level. Further, the remaining coding sequences of the two genes, although homologous, are less homologous with each other than convicilin in pea is with pea vicilin, suggesting that the divergence of the pea gene sub-families took place after the separation of pea and soya bean as species. If this is the case, the insertion events were independent of each other. Further analysis of other storage-protein gene sequences (results not shown) suggests that the insertion of hydrophilic, predominantly acidic, amino acid sequence regions is a frequent mechanism of storage protein mutation in legumes. servation besides the 'TATA' box promoter element (considered previously); the conserved regions are shown in Fig. 6 . There is also a conserved region around the transcription start, which has an obvious functional role, and a possible further conserved region of approx. 15 bases, at 30-50 bases 5' to the 'TATA' box. This latter region is not as well conserved or defined as other regions, but does include the putative CCAAT sequences of phaseolin and conglycinin [39] . The 'vicilin box' region [39] in all three genes is in a similar position (approx. 100 bases 5' to the 'TATA' box), and is strongly homologous; it can be divided into two regions, separated by 11-12 bases of T-rich sequence. The 5' region is a highly conserved C-rich sequence (GCCACCTC), whereas the 3' region is more typical of the 5' flanking sequence as a whole (TTCAACACNCGTCAANNTG/ACAT). It has been suggested that this region, present also in pea vicilin genes, is involved in determining tissue-specificity of expression of the gene family [39] . The other two conserved regions are approx. 150-200 bases and 250 bases 5' to the 'TATA' box ;-like the 'vicilin box', both seem to have a highly conserved C-rich core sequence (CTCAACCC and GATCGCCGC respectively) and are associated with less highly conserved sequence more typical of the 5' flanking sequence as a whole. The hypothesis that such C-rich sequences are acting as 'enhancers' of gene expression may be advanced, and is supported by the observation that the 'vicilin-box' Crich sequence is present in the pea legumin gene legA also, and has been previously observed to be homologous with a viral enhancer sequence [39, 40] . However, functional assays such as those carried out with the conglycinin gene in transgenic petunia plants [41] are needed to test this conclusion.
